The destructive bacterial pathogen Ralstonia solanacearum delivers effector proteins via a type-III secretion system for its pathogenesis of plant hosts. However, the biochemical functions of most of these effectors remain unclear. RipAK of R. solanacearum GMI1000 is a type-III effector with 
| INTRODUCTION
The plant immune system recognizes nonspecific elicitors from diverse microbes by detecting pathogenic (microbe)-associated molecular patterns (PAMPs or MAMPs), such as flagellin, chitin, lipopolysaccharides, and peptidoglycans. This recognition results in the activation of PAMPtriggered immunity, the basal defense response (Chisholm, Coaker, Day, & Staskawicz, 2006) . To suppress PAMP-triggered immunity and colonize the host, pathogens usually deliver a repertoire of effector proteins into host cells (Chisholm et al., 2006) . Plants have evolved a system to perceive specific effectors from pathogens via disease resistance (R) proteins, subsequently initiating effector-triggered immunity (ETI). The ETI response is associated with the hypersensitive response (HR), a form of local cell death accompanied by production of a burst of reactive oxygen species (ROS; Thomma, Nürnberger, & Joosten, 2011) .
Hydrogen peroxide (H 2 O 2 ), one of the most stable ROS, causes cell death at high concentrations. However, at biologically balanced levels, H 2 O 2 also serves as a key signaling molecule in many physiological processes, including disease resistance (Mhamdi, Noctor, & Baker, 2012 ).
One of the major sources of intracellular H 2 O 2 in plants is photorespiration (Foyer, Bloom, Queval, & Noctor, 2009 ). Several photorespiratory enzymes are located in peroxisomes, and leaf peroxisomes are important cell compartments for photorespiration (del Rio, Sandalio, Corpas, Palma, & Barroso, 2006) . Recent reports provided evidence of crosstalk between photorespiration and defense against pathogens (Kangasjärvi, Neukermans, Li, Aro, & Noctor, 2012) . However, the exact role of plant peroxisomes in pathogen-triggered cellular ROS imbalance remains largely unknown (Sørhagen, Laxa, Peterhänsel, & Reumann, 2013) .
Catalases (CATs) are peroxisomal proteins that function as ROS scavengers by degrading H 2 O 2 in nearly all living organisms (Inaba, Kim, Shimura, & Masuta, 2011) . Plants have three CAT homologs, CATI, II, and III (Mhamdi et al., 2012) . CATs also play important roles in plant immunity. For example, the cucumber mosaic virus (CMV) 2b protein directly interferes with plant CAT to induce programmed cell death (PCD) by an unknown mechanism, which appears to promote CMV infection (Inaba et al., 2011) . Two effectors of the oomycete Phytophthorasojae regulate plant cell death and H 2 O 2 homeostasis, through direct interaction with CAT, to overcome host immune responses (Zhang et al., 2015) . Some proteins in plant cells also regulate the HR in multiple stresses by interacting with CAT:
These include LESION SIMULATING DISEASE1 (Li, Chen, Mu, & Zuo, 2013) and NO CATALASE ACTIVITY1 (Li et al., 2015) . However, the regulatory link between CATs and pathogen infection remains to be explored.
Ralstonia solanacearum, a soil-borne plant pathogenic bacterium, infects more than 200 plant species, including important crops such as potato, tomato, tobacco, and banana (Genin, 2010) . Due to its global geographic distribution, large heterogeneity, and extreme aggressiveness, R. solanacearum is considered one of the most destructive pathogens worldwide (Mansfield et al., 2012) . It invades the host plant via the root tips, sites of lateral root emergence, or other plant wounds and eventually colonizes the vascular system.
With rapid proliferation in the vascular system, the bacteria block water transportation, resulting in wilting and eventually death of infected plants (Genin & Denny, 2012) .
As in many other plant pathogenic bacteria, the type-III secretion system (T3SS) of R. solanacearum plays a crucial role in pathogenicity (Van Gijsegem, Vasse, Camus, Marenda, & Boucher, 2000) .
The R. solanacearum GMI1000 strain possesses more than 70 type III effectors (T3Es), which are now designated Rips (Ralstoniainjected proteins; Peeters et al., 2013) . Recent studies identified the biological functions of several T3Es of R. solanacearum. For example, RipP2 (PopP2) localizes to nucleus of host cells and functions as an acetyltransferase that targets WRKY transcription factors (Tasset et al., 2010) . RipG1-G8 (also named GALA1-8), which belongs to the GALA family of F-box protein subunits, likely hijacks the SCF E3 ubiquitin ligase complex in host cells (Angot et al., 2006) . RipTPS acts as a trehalose-6-phosphate synthase and produces trehalose-6-phosphate in yeast cells (Poueymiro, Cazalé, Francois, Parrou, & Peeters, 2014) . RipAY functions as γ-glutamyl cyclotransferase and degrades glutathione. It is activated by cytosolic thioredoxins of the host and specifically degrades glutathione in plant cells to suppress plant immunity (Fujiwara et al., 2016; Mukaihara, Hatanaka, Nakano, & Oda, 2016) . However, the biochemical functions of most R. solanacearum T3Es remain uncharacterized (Peeters et al., 2013) .
RipAK was identified as a T3E from R. solanacearum GMI1000 by in silico analysis of the genome sequence as well as functional genomic approaches (Cunnac, Occhialini, Barberis, Boucher, & Genin, 2004) .
Interestingly, RipAK has mainly been found in the phylotype I strains of the R. solanacearum species complex, and its biochemical function is completely unknown (Peeters et al., 2013) . Here, we report that RipAK targets plant peroxisomes, interacting directly with plant AtCATs, and is critical for R. solanacearum GMI1000 to suppress plant immunity at early stages of the defense response, functioning to inhibit CAT activity. The global transcription profile of tobacco leaves induced by RipAK was also analyzed.
2 | RESULTS 2.1 | RipAK is important for R. solanacearum GMI1000 to suppress the HR of Nicotiana tabacum cv.
Xanthi leaves
Previous studies showed that R. solanacearum GMI1000 is nonpathogenic to tobacco plants; this strain can elicit the HR when infiltrated into tobacco leaves (Poueymiro et al., 2009) , indicating that it triggers ETI in tobacco and fails to suppress the ROS burst and plant cell death. To determine the function of RipAK in GMI1000 pathogenesis, we inoculated tobacco leaves with the RSΔripAK strain. with the wild-type strain, and RSΔripAK + ripAK numbers were 15-and 2-fold more than the wild-type and RSΔhrcV strains, respectively. These data indicated that RipAK could suppress plant HR to facilitate bacterial survival and proliferation. These results were also consistent with the notion that T3Es suppress ETI to facilitate bacterial survival and proliferation, and the formation of HR is dependent on recognition of some specific T3Es (Poueymiro et al., 2009) . Taken together, these results strongly suggested that RipAK plays a crucial role in R. solanacearum GMI1000 to suppress the HR of tobacco.
The HR is always accompanied by an oxidative burst (Lamb & Dixon, 1997) . To assess whether this is the case for infection with the ripAK mutant strain, we performed trypan blue staining to detect cell death and 3, 3′-diaminobenzidine (DAB) staining to detect the oxidative burst. As shown in Figure 1c Taken together, these results indicated that RipAK plays a prominent role in pathogenesis by R. solanacearum GMI1000 to suppress the HR of the plant.
| RipAK localizes to plant peroxisomes
To further study the biochemical function of RipAK, we determined its cellular localization by making a fusion with enhanced green fluorescent protein (eGFP). To this end, we fused full-length ripAK to egfp, to produce the pUC35s-ripAK-egfp construct. Known genes encoding proteins targeted to various organelles were cloned into pUC35s to produce fusion proteins with red fluorescent protein (RFP). The constructs were then cotransfected with pUC35s-ripAK-egfp into Previous studies demonstrated that the C-terminal tripeptide, such as -SKL or -AHL, was necessary and sufficient for targeting of plant peroxisomes (Banjoko & Trelease, 1995; Brocard & Hartig, 2006) . RipAK also contains an -AHL tripeptide at its extreme C- Photograph was taken at 24 hr postinfiltration. A leaf with a representative phenotype is shown. DAB = 3, 3′-diaminobenzidine; HR = hypersensitive response; ROS = reactive oxygen species to plant peroxisomes, and its M and P domains are indispensable for localization, although the predicted targeting signal at the N-or Cterminus does not function as the determinant for localization.
| RipAK interacts directly with Arabidopsis CATs in yeast cells and in planta
To identify the target protein(s) interacting with RipAK in plant cells, we carried out a pull-down assay, in which RipAK was used as bait, with Arabidopsis thaliana Col-0 total proteins ( Figure 3a ).
We identified a differential protein band as AtCAT2 ( Figure S4 ), a marker enzyme of peroxisomes. A. thaliana Col-0 has three CAT isozymes with high similarity (Mhamdi et al., 2012) . AtCAT1 (AT1G20630) is mainly expressed in seeds and pollen; AtCAT2 (AT4G35090, corresponding to NtCAT1 in tobacco; Mhamdi et al., 2010 ; Table S3 ) is mainly expressed in photosynthetic tissues and encodes the major CAT isoform that is closely linked to photorespiration and plant immunity; AtCAT3 (AT1G20620) is mainly expressed in vascular tissues and leaves (Mhamdi et al., 2010) . To and RipAK.
To determine whether RipAK interacts with AtCATs in planta, we performed bimolecular fluorescence complementation (BiFC) assays.
The indicated plasmids were transfected or cotransfected into Arabidopsis protoplasts as previously described (Yoo et al., 2007) . As shown in Figure 3d , fluorescence complementation occurred in
Arabidopsis protoplasts coexpressing RipAK and AtCAT2 or AtCAT3, indicating a direct interaction between RipAK and AtCATs in planta.
Taken together, these results strongly indicated that RipAK interacts directly with Arabidopsis CATs, both in yeast cells and in planta, with the M and P domains of RipAK and the H65 residue of AtCAT2 being essential for this interaction. we assessed CAT activity in yeast cells, in vitro and in planta. Previous studies showed that expression of plant CAT in yeast cells confers tolerance to several abiotic stresses (Feki et al., 2015) , indicating that plant CAT is functional in yeast. We thus coexpressed Arabidopsis CAT2 and To assess whether RipAK inhibits CAT directly in vitro, RipAK was expressed with a Cell-free E.coli Expression System (Wuhan Genecreate Biological Engineering Co., Ltd.) and purified by Ni 2+ -affinity chromatography ( Figure S5 ). Crude extracts of Arabidopsis and Nicotiana leaves or commercial CAT from bovine liver were mixed with recombinant RipAK, then incubated at 4°C for 6 hr. Relative CAT activities were determined with a CAT activity assay. As expected, the activities of CAT, both from plant leaves and bovine liver, were inhibited significantly, albeit not completely.
To test whether RipAK inhibits CAT directly in planta, we assessed CAT activity in N. tabacum cv. Xanthi leaves infected with RSΔripAK and RSΔripAK + ripAK strains at 4 hr postinfection. As shown in The indicated plasmids were transfected into Arabidopsis protoplasts, and fluorescence was detected after 15-20 hr by confocal microscopy. Arabidopsis protoplasts cotransfected with pSAT4-neyfp-PTS1 and pSAT4-ceyfp-ripAK, pSAT4-ceyfp-PTS1 and pSAT4-neyfp-ripAK were used as negative controls. Representative photographs are shown. Bar = 10 μm; CAT = catalase Figure 4c , the activities of CAT in N. tabacum cv. Xanthi leaves infected with RSΔripAK + ripAK strains were also inhibited significantly. Therefore, RipAK inhibits CAT activity, both in vivo and in vitro.
| RipAK inhibits plant immunity at an early stage of infection
To analyze the global host response upon RipAK infection, we performed high-throughput RNA sequencing of N. tabacum cv. Xanthi leaves infected with RSΔripAK + vector and RSΔripAK + ripAK strains.
Infected leaves were sampled at 2 and 4 hr postinfection (Figure 5a ), the generally accepted early stages of plant immunity (Lewis, Polanski, de Torres-Zabala, Jayaraman, et al., 2015) . By GO (Gene Ontology), IPR The R. solanacearum GMI1000 is nonpathogenic to tobacco because two effector proteins (AvrA and PopP1) are recognized by tobacco R proteins during infection, subsequently eliciting the HR (Poueymiro et al., 2009 ). However, deletion of ripAK induced more severe and rapid HR symptoms compared to the wild-type strain (Figure 1a ). This makes tobacco leaves a suitable system for clarifying the role of RipAK in inhibiting plant HR. In addition, we found that both survival and proliferation of the complemented strain RSΔripAK + ripAK in tobacco leaves was significantly higher than that of the wild type (Figure 1b) . This is probably because the complemented strain contained about 10-15 copies of the RipAK gene, thus producing stronger suppression of the host HR.
We used PHYRE2 to identify two putative domains in RipAK, the M (molybdenum carrier) and P (protein binding) domains, and used a truncation strategy to characterize these domains. Yeast two-hybrid assays ( Figure 3b ) and CAT activity tests (Figure 4a) showed that the M and P domains are essential for RipAK to bind and inhibit AtCAT, although the biochemical properties of the domains remain unclear.
One explanation might be that truncation of the M or P domain in RipAK could alter protein conformation, resulting in loss of the ability to interact with AtCATs. We also found that RipAK with M or P truncations, but not N-or C-terminal deletions, lost the ability to localize to plant peroxisomes (Figure 2 ). This implies that RipAK is transported to peroxisomes by binding to CAT, but this interaction does not prevent the localization of CATs to the peroxisome. Interestingly, RipAK-NT and RipAK-CT mutants localize in plant peroxisome ( Figure 2 ).and interact with AtCAT2 ( Figure S8 ), but these mutants do not suppress HR of plant (Figure 1e ) or inhibit the CAT activity in yeast cells ( Figure S8 ), suggesting that N and C domains are critical for RipAK to inhibit the activity of CAT but not for binding to CAT.
In addition, although the N and C termini of AtCAT2 are essential for the tetramerization of CAT monomers or peroxisome localization (Brocard et al., 2006; Wood, Gibbons, Chavan, & Schallreuter, 2008) , truncations of these sequences did not disrupt the interaction between AtCAT2 and RipAK (Figure 3c ), suggesting that RipAK may interact with CAT monomers in plant cells. Also, the H65A mutation in AtCAT2 prevented interaction with RipAK ( Figure 3c ). Given that H65 is a key residue of the AtCAT2 monomer that is critical for heme ligand binding (Loewen et al., 1993; Gao, Boeglin, & Brash, 2008) , lack of heme binding probably disrupts the interaction between CATs and RipAK.
In this study, we demonstrated that RipAK inhibits CAT activity significantly in vivo and in vitro. However, CAT activity was not totally Although no obvious differences were observed between the transcriptomes of leaves infected with RSΔripAK + vector and RSΔripAK + ripAK at 2 hr postinfection (Figure 5b ), the transcript levels of some important genes involved in early stage of plant immunity, such as the gene encoding O-methyltransferase (Klarzynski et al., 2000) , changed significantly (Figure 5b and 5d ). These findings suggest that RipAK affects the immunity signals triggered in tobacco against GMI1000 at early stages of infection.
It is interesting that the transcript levels of many plant immunityrelated genes were reduced in the presence of RipAK, whereas some photorespiration-related genes were upregulated (Figure 5b) . In recent years, evidence has emerged to show that photorespiration may connect the roles of chloroplasts, peroxisomes, mitochondria, and CAT in plant defense networks, especially at the early stages of immunity (Kangasjärvi et al., 2012; Stael et al., 2015) . Our results further supported the above evidence and also suggested that the stage of plant immunity affected directly or indirectly, by RipAK may parallel or precede that of photorespiration, which is involved in very early stages of plant immunity.
As expected, more significant transcriptional differences were observed in leaves infected with RSΔripAK + vector and RSΔripAK + ripAK In addition to adjusting the transcription of CATs, plants also usually regulate CAT activity in response to various stresses (Mhamdi et al., 2012) . Previous studies showed that several plant proteins, including NDK1, SOS2, NO CATALASE ACTIVITY1, and LSD, can interact with CATs and increase CAT enzyme activities, leading to decreased H 2 O 2 concentrations and inhibited PCD in plant cells (Fukamatsu, Yabe, & Hasunuma, 2003 , Verslues et al., 2007 , Li et al., 2013 , Li et al., 2015 . By contrast, the CMV protein 2b interferes directly with plant CAT activity to induce PCD, which appears to promote CMV infection (Inaba et al., 2011) . In addition, CAT-deficient N. benthamiana leaves, although accumulating higher levels of H 2 O 2 , are more susceptible to Phytophthoracapsici (Zhang et al., 2015) .
Reactive oxygen species play dual roles (or more) in plant cells, depending on their intracellular concentrations (Kotchoni & Gachomo, 2006; Nanda, Andrio, Marino, Pauly, & Dunand, 2010) . At higher concentrations, ROS cause extensive cell injury or death (Li et al., 2013) , whereas at biologically balanced levels, ROS act as signaling molecules to induce defense responses against pathogens (del Rio et al., 2006) .
CATs are generally considered key regulators of ROS homeostasis in plant cells (Mhamdi et al., 2012 Figure S7) . Similarly, the Ustilago maydis effector Pep1 directly interacts with and inhibits peroxidase, a powerful ROS scavenger, to suppress plant immunity at earlier stages of infection (Hemetsberger, Herrberger, Zechmann, Hillmer, & Doehlemann, 2012) . Taken 
| Strains and plasmids
Ralstonia solanacearum GMI1000 wild type and mutants were cultured in CPG medium at 30°C, as previously described (Tasset et al., 2010) . RSΔripAK and RSΔhrcV strains were generated by performing pop-in/pop-out recombination with pK18mobsacB-based plasmids, as previously described (Mukaihara et al., 2016) . To complement the ripAK mutant, the RipAK gene (including 585 BP upstream of RipAK, which includes the native promoter) was cloned into pSRKKm, a broad-host-range expression vector (Khan, Gaines, Roop, & Farrand, 2008) . The pSRKKm-ripAK and pSRKKm alone were transformed into RSΔripAK by electroporation, generating the RSΔripAK + ripAK and RSΔripAK + vector stain, respectively. The primers used are listed in Table S2 .
| Bacterial inoculation and ROS detection
GMI1000 cells were harvested and adjusted to 10 8 CFU/ml in 1 mM MgCl 2 . The suspensions were infiltrated into the leaves with a needleless syringe. Mock inoculation was performed with 1 mM MgCl 2 without bacteria.
For trypan blue staining, leaves were sampled at 10 hr postinoculation and transferred into trypan blue solution as previously described (Torres, Dangl, & Jones, 2002) . After boiling for 1 hr, the leaves were destained for 24 hr in chloral hydrate. DAB staining was carried out as described previously (Torres et al., 2002) with minor modifications. Briefly, leaves at 10 hr postinoculation were harvested and incubated in 1.0 mg/ml of DAB solution for 2 hr in the dark, followed by boiling for 15 min in 90% ethanol.
Proliferation and survival rates of the bacteria in N. tabacum cv.
Xanthi leaves were determined by counting CFUs per square centimeter of the leaf tissue at 24 hr postinoculation. For total RNA extraction, the infected leaves were harvested at the indicated time points and immediately transferred into liquid nitrogen.
| Yeast two-hybrid assay
Yeast two-hybrid assay was performed using Matchmaker Gold Yeast his3 trp1) cells were cotransformed with the constructs as previously described (Li et al., 2013) . Transformants were isolated and cultured with shaking in the selective synthetic dextrose liquid medium (His − / Ura − ) for 16 hr; then, cells were transferred into the synthetic galactose liquid medium (His − /Ura − ) and cultured with shaking for 6 hr.
Yeast cultures were 10-fold serially diluted and plated onto a medium with 2% galactose containing 1 mM H 2 O 2 or not and incubated at 30°C for 2 days.
To assess inhibition of CAT activity by RipAK in vitro, RipAK was expressed in a Cell-Free E. coli Expression System and purified by Ni 2+ -affinity chromatography (Wuhan Genecreate Biological Engineering Co., Ltd.). Total protein of 4-week-old Col-0 and 6-weekold N. tabacum cv. Xanthi seedlings were extracted from 0.1 g of tissue by grinding with 200 μL extraction buffer (50 mM phosphate buffer, pH 7.0, and 1% Triton X-100). CAT from bovine liver was purchased from Sigma-Aldrich (USA) and dissolved in phosphate buffered saline (20 μg/ml). For CAT activity assays, 5 μl of RipAK solution (0.5 mg/ml), and 40 μl plant extract or bovine CAT solution were mixed and incubated at 4°C for 6 hr. CAT activities were determined with CAT Activity Assay Kit (Beyotime Co.).
4.7 | RNA isolation, RNA-seq and qRT-PCR Beverly, USA). The PCR was performed with Phusion High-Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer. At last, PCR products were purified (AMPure XP system) and library quality was assessed on the Agilent Bioanalyzer 2100 system. The clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq SR Cluster Kit v3-cBot-HS (Illumia) according to the manufacturer's instructions. After cluster generation, the library preparations were sequenced on an Illumina Hiseq2500 platform. The analysised sequences were annotated to the KOSystem by using KOBAS 2.0.
For qRT-PCR, 800 ng of total RNA were used for first-strand cDNA synthesis with the GoScript Reverse Transcription system (Promega, Co.). Then, qRT-PCR was performed using GoTaq qPCR Master Mix (Promega, Co.) on Step One plus system (Applied Biosystems, USA). The primers used for qRT-PCR are listed in Table   S1 . The raw data Accession: PRJNA325225. 
